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A characteristic advantage of the use of computational tools in biomedical science is the ability to integrate scientific information. There are at least three distinct but interrelated ways in which computation in biology is integrative. Perhaps the most familiar is data integration: the use of information technologies such as databases, Web services, data management, and analysis tools to archive, federate, search, query, match, and integrate biological data from diverse sources from genomic and proteomic, metabolic, and structural to physiological and clinical data. This is the realm of bioinformatics.
Mathematical and statistical modeling provide the foundation for computational tools that facilitate functional integration: Systems models of biological processes can compute functional consequences of interactions between individual components of cellular biochemical networks, or between functional subsystems within the cell, between different cells and cell types within tissues, or between organs and organ systems within the whole body. Functionally integrated modeling is the domain of systems biology and systems physiology.
Structurally integrated numerical models use physicochemical first principles and detailed representations of three-dimensional biological structures to predict the functions of proteins, cells, tissues, or organs. This field is now often referred to as multiscale computational biology. Whereas bioinformatics and systems biology are data limited, structurally integrated computational biology tends more often to be compute limited.
Cardiac physiology is one biomedical application where functionally and structurally integrated computational modeling has made significant contributions. As data accumulate on the molecular and cellular mechanisms underlying cardiac physiology and pathophysiology and as computational power continues to increase, the potential for increasingly sophisticated and predictive mechanistic models of the normal and diseased heart is growing rapidly. Figure 1 shows a scheme for a functionally and structurally integrated computational model of the heart and circulation that has been developed as a result of two multiinstitution collaborative research projects: the Integrated Human Function project, supported by NASA through the National Biomedical Space Research Institute; and the Virtual Soldier Project, supported by the U.S. Defense Advanced Research Projects Agency. These collaborative projects involve investigators from over a dozen institutions, including the University of Washington; the University of Michigan, Ann Arbor; the University of Utah; Oak Ridge National Laboratory; Stanford University; Loyola University Chicago; and the University of Auckland. We summarize here some recent examples of new functionally and structurally integrated models of cardiac physiology and pathophysiology and point to new directions.
Functionally Integrated Models of Cardiac Myocytes
Myocyte ionic models. The first cardiac myocyte models, published in 1960 [1, 2] , used the formalism developed by Hodgkin and Huxley [2] to model the contributions of sodium and potassium currents to the action potential and to investigate the mechanistic basis of the plateau of the cardiac action potential. As new experimental data on myocyte electrophysiology were obtained, the models were refined and extended, and their results informed new experiments. The latest generation of cardiac myocyte ionic models include upwards of 40 ordinary differential equations [4] . They also include separate compartments representing the sarcoplasmic reticulum (SR), the narrow subsarcolemmal dyadic space between the sarcolemmal dihydropyridine receptor and the ryanodine receptor on the SR, and the bulk myoplasm [5] . But these compartments are lumped, and these "common pool" models have no spatial structure. They are functionally integrated systems models.
The ionic models are valuable because they compute the interactions between numerous ion channels, pumps, and transporters whose properties have been painstakingly dissected experimentally. They have been used to perform a wide range of numerical experiments, even studies on the effects of single gene mutations associated with clinically observed arrhythmias. These latter models have typically been hybrids of classical Hodgkin-Huxley style models based on whole cell voltage clamp responses combined with more detailed Markov state-transition models based on single channel recordings. They therefore represent some of the best and earliest examples of clinical disease phenotypes predicted in mathematical models from of information about single gene defects. One example is the study by Clancy and Rudy [6] demonstrating how the ∆KPQ mutation in the fast sodium channel can be pro-arrhythmic in patients with the LQT3 variant of long QT syndrome.
Excitation-contraction coupling. Besides integrating across the cellular components responsible for ion fluxes and action potential generation, systems models have also been developed that integrate the functional components of cellular subsystems responsible for cardiac energy metabolism, muscle contraction, transport processes, and signal transduction. This then creates the opportunity to develop systems models that not only integrate the components within a single subsystem, but that also integrate the functions of two or more interacting subsystems. Excitation-contraction coupling is one obvious such interaction, and the first mechanistic systems models of cardiac excitation-contraction coupling were published in the 1970s and 1980s [7, 8] . Since then, more detailed models of myofilament activation by calcium and the effects of feedback from cross-bridge binding have been developed [9, 10] . Bluhm et al. [11] coupled the Luo-Rudy ionic model to a model of myofilament activation to predict the time-course of isometric tension development following an increase in sarcomere length. The model included the well-known FrankStarling mechanism, but it could not predict the slow component of the inotropic response to stretch, which had first been described by von Anrep in 1912 and is thus often called the Anrep effect. By systematically perturbing all the components of the model at the time of the imposed stretch, we concluded that the mechanism of the slow increase in tension involves a sodium flux. At that time available experimental data did not support this conclusion, but the following year the first in a series of papers [12] was published, strongly suggesting a role for the sodium-proton antiporter and intracellular sodium accumulation in the cellular mechanisms of the Anrep effect.
Myocyte metabolism and metabolic regulation of E-C coupling. The field in which largescale integrative systems models have arguably progressed the furthest is that of metabolic network modeling [13] . The stoichiometry of biochemical reaction networks imposes constraints on their functions. The use of metabolic flux balance analysis combined with comprehensive databases of metabolic networks, such as the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.ad.jp/kegg/) 1 , has led to the development of constraint-based methods capable of modeling metabolic networks at genome scale. Ramakrishna et al. [14] used flux-balance analysis to analyze the flux distributions for maximal mitochondrial production of adenosine triphosphate (ATP). The expected ATP yields for glucose, lactate, and palmitate were accurately predicted, and the effects of gene mutations on mitochondrial ATP production were simulated. Mitochondrial ATP production was severely affected by mutations in the tricarboxylic acid (TCA) cycle. Furthermore, the model predicted the secretion of TCA-cycle intermediates, which is observed clinically in mitochondriopathies such as those associated with fumarase deficiency.
This progress naturally suggests the integration of electrophysiological models with models of energy metabolism in the cardiac myocyte. The first comprehensive example was published by Ch'en and colleagues [15] . The analysis gave valuable insights into the arrhythmogenic mechanisms of ischemia, especially during the highly vulnerable reperfusion period. More recently a comprehensive thermokinetic model by Cortassa and co-workers [16] analyzed the control of cardiac mitochondrial bioenergetics by combining equations for the TCA cycle, oxidative phosphorylation, and mitochondrial calcium handling. The model reproduced observations on mitochondrial bioenergetics, calcium dynamics, and respiratory control and demonstrated how calcium feedback provides a mechanism for matching mitochondrial energy production with the metabolic demand of the myocyte as workload changes. Michailova and McCulloch [18] extended the model of the ventricular myocyte by Winslow et al. [5] by incorporating equations for calcium and magnesium buffering and transport by ATP and ADP and equations for MgATP regulation of the sodium-potassium pump and the sarcolemmal and sarcoplasmic calcium pumps. Under normal conditions, the model showed that calcium binding by low-affinity ATP and diffusion of CaATP may affect the amplitude and time course of intracellular calcium signals. Some of these predictions were subsequently supported by experimental observations [17] . More recently this model has also been used to study the effects of magnesium on ventricular excitation-contraction coupling [18] .
Neurohormonal regulation: Systems models of myocyte-signaling pathways.
Although not yet as comprehensive as databases of metabolic networks, public data resources on cell signaling such as the Alliance for Cellular Signaling (http://www.signaling-gateway.org/) 2 [19] are emerging. This is opening the way for more systems models of signal transduction pathways. The integration of models of signaling networks with models of cardiac myocytes now makes it possible to investigate the neurohormonal regulation of excitation-contraction coupling. Saucerman and colleagues [20] developed a new model of β 1 -adrenergic regulation of cardiac excitation-contraction coupling by combining a systems model of ionic currents and calcium handling in rat ventricular myocytes with a novel mechanistic model of cAMP-mediated cell signaling via the β 1 -adrenergic receptor that included the L-type calcium channel, phospholamban, and inhibitor-1 as phosphorylation targets of protein kinase A (PKA). Later, they [21] extended this model to include troponin-I and the ryanodine receptor (RyR) as additional PKA targets, though the analysis suggested that the controversial role of RyR phosphorylation during adrenergic stimulation may be fairly insignificant under normal conditions in the intact cell because of the effects of calcium autoregulation by the sarcoplasmic reticulum. This new class of models may be especially important for elucidating the pathogenesis of congestive heart failure, where dysregulated calcium handling in the myocyte is accompanied by a down-regulation of β-adrenergic signaling. Another promising application of this new class of functionally integrated myocyte model is the subset of genetic arrhythmias (including most individuals with the most prevalent of long QT syndromes, LQT1) that are associated with the stimulation of the sympathetic nervous systems during exercise and emotional stress [22, 23] .
Structurally Integrated Models of Myocytes, Myocardium, and Whole Hearts
Myocyte models. In contrast to functionally integrated systems models that are data-intensive, spatially coupled structurally integrated models use physicochemical principles to span scales of structural organization and therefore tend to be computationally intensive. Some examples of spatially coupled models of single cells include models of the diffusion of calcium and other ions in the cytoplasm. Michailova et al. [24] developed an axisymmetric model of calcium diffusion in the atrial myocyte, which lacks ttubules in many mammalian species. This model incorporated radial calcium diffusion, binding to mobile and stationary calcium buffers, and subcellular compartments, including a subsarcolemmal space with restricted diffusion, a myofilament space, and the cytosol. Using measured L-type calcium currents as an input, computed local calcium signals that were qualitatively and quantitatively consistent with those imaged by use of confocal microscopy with the fluorescent calcium indicator Fluo-3. Besides steep concentration gradients in the subsarcolemmal region, the model showed the important effects of mobile intracellular calcium buffers, including ATP (despite its low calcium affinity) and the indicator itself. In fact the effects of the buffering per se and buffer mobility were not concordant. As the concentration of indicator in the model was decreased, the magnitude of the calcium transient initially rose near the cell center as calcium buffering declined, but it then decreased as the contribution of the buffer to calcium diffusion was lost.
Another important modulator of myocyte physiology is intracellular pH, which is regulated by sarcolemmal proton transporters and stabilized by numerous intracellular buffers. Swietach et al. [25] investigated how the mobility of intracellular H + buffers affect proton diffusion by using two-dimensional computational models to analyze the spatiotemporal distributions of H + concentration subject to local perturbations as a function of membrane protonequivalent transport and cell geometry. As in the calcium diffusion models of Michailova et al. [24] , confocal imaging using intracellular pH-sensitive dyes provided valuable data for model validation and hypothesis testing. By matching the model results to experimental data, the authors estimated an apparent intracellular H + diffusion coefficient in mammalian ventricular myocytes of 4.0 × 10 -7 cm 2 /s, compared with around 1.2 × 10 -4 cm 2 /s in free unbuffered solution at 37°C. Thus intracellular buffers decrease apparent cytosolic proton mobility by over two orders of magnitude.
Multicellular models of myocardium. Multicellular models come in three main varieties: cellular automata models, resistively coupled networks, and continuum models. Cellular automata models and resistively coupled networks use physical properties or rules that approximate them to combine individu-al cells modeled as systems of ordinary differential equations, as described earlier. These models are computationally tractable and have been particularly informative in elucidating the effects of electrical loading by neighboring cells on the propagation of the action potential from cell to cell via current flux through gap junctions. For example, Shaw and Rudy [26] used a multicellular model to explore the differences between conduction slowing associated with decreased membrane excitability and that associated with reduced gap junction coupling. Whereas the "safety factor" for maintained conduction was decreased as membrane excitability decreased so that conduction block eventually occurred, decreased intercellular coupling actually increased the safety factor, allowing very slow conduction to occur. Under these conditions the Ltype calcium current became increasingly important in sustaining conduction as propagation was slowed, making it a potentially important mediator of reentrant activity during conditions of cellular uncoupling, such as myocardial ischemia.
Continuum models of electrical impulse propagation typically use the bidomain or monodomain theory in which the intracellular and extracellular conductivities of the tissue are lumped into diffusion tensors that are anisotropic and that may differ between intracellular and extracellular domains [27] . Although they fail to account for the discreteness of myocardial properties, these well-established models are a three-dimensional extension of the classical cable theory and have been widely used for a large range of problems, including sophisticated large-scale analyses of the induction and stability of ventricular reentry and fibrillation in anatomically detailed wholeheart models [28] and the conversion of fibrillation to normal rhythm by an external shock [29] . For a detailed derivation of these continuum theories, see Belik et al. [30] . Continuum methods are also widely used for modeling regional biomechanics in the heart and other tissues [31] . Within the continuum framework, however, a constitutive model of the contributions of cellular and extracellular constituents is required to relate the passive and contractile stresses in the tissue to the state of deformation (strain). Although many constitutive models are phenomenological relations fitted to multiaxial experimental measurements of tissue mechanical responses [32] , it is possible to apply micromechanical principles and quantitative histological measurements to derive microstructural constitutive relations. MacKenna and colleagues [33] derived a microstructural model of the large coiled perimysial collagen fibers that run parallel to the layers of myocytes in the ventricular wall.
By measuring the fiber diameter, number density, and tortuosity and making use of measured properties of isolated collagen fibers, this model was able to explain the differences in tissue fiber stiffness seen between dogs and rats and provided a mechanism that quantitatively explained the higher resting stiffness of myocardium parallel to the mean muscle fiber direction than transverse to it. Costa and co-workers [34] applied a microstructural approach to derive the anisotropic three-dimensional stress-strain properties of postinfarction myocardial scar tissue from detailed measured distributions of local collagen fiber orientations and numerical densities in different layers of the wall in transmural porcine infarct. The model suggested significant mechanical heterogeneities across the thickness of the infarct, and strains computed with the model under physiological loading showed good agreement with experimental measurements [35] . Usyk and colleagues [36] developed a multiscale model of three-dimensional active systolic myocardial mechanics that takes into account the orientation of cross-bridges in the strongly bound state and the statistical dispersion of myofiber orientations within the tissue, which average about 12° [37] . The model was consistent with the experimental observation that tonically activated biaxial preparations of ventricular muscle generate a significant component of active stress perpendicular to the fiber axis that can exceed 50% of the systolic fiber stress [32] .
Detailed models of ventricular anatomy. Models have been developed of the geometry and myofiber architecture of the dog ventricles [38] , rabbit ventricles [39] , pig ventricles [40] and human atria [41, 42] . Although most detailed anatomic models have been developed from painstaking dissections and histological reconstructions, diffusion tensor magnetic resonance imaging has emerged as an alternative method for imaging myofiber architecture in fixed tissues [43, 44] Because of interest in genetically engineered mouse models for studies of the molecular pathogenesis of inherited and acquired heart disease, there is an increasing need for a model of the mouse ventricles. The comparatively small size of the mouse heart opens up the possibility of serial section reconstructions at comparatively high resolutions approaching the diffraction limits of light.
Anatomically detailed models of cardiac electromechanics. The development of anatomically detailed models of cardiac geometry and muscle fiber architecture has enabled investigators to develop structurally integrated continuum models of cardiac electrical impulse propagation [28, 45] and wall mechanics [40] using finite volume, finite dif-ference, or finite element methods. As cellular models become more biophysically detailed and functionally integrated, the opportunity arises for structurally integrated models that are also functionally integrated, such as continuum models of coupled ventricular electromechanics [46] [47] [48] [49] [50] .
Kerckhoffs et al. [46, 47] used an eikonal curvature model of the anisotropic spread of electrical depolarization in the left ventricular wall and coupled the activation time to the generation of systolic fiber tension via a constant time delay. Paradoxically, incorporating more physiological details of ventricular electromechanics in the new model compared with earlier models in which mechanical activation was assumed to be regionally simultaneous actually predicted regional transmural systolic fiber strain distributions that were unphysiologically inhomogeneous. Experimental studies in our laboratory and others have shown consistently that normal diastolic fiber lengthening during filling and shortening during ejection tends to be transmurally uniform [51] [52] [53] . Computational models that take into account the fiber orientation, material anisotropy and geometry of the ventricular walls have shown excellent agreement with these measurements and demonstrate that this regional homogeneity of fiber stress and strain is the combined consequence of the distribution of fiber orientation and myocardial torsional shearing [36] . When the left ventricular mechanics were simulated with synchronous activation, myofiber strain was more homogeneous and in closer agreement with experimental observation than when the transmural activation delays associated with normal sinus rhythm were included in the model. Apparently the assumption of a constant delay between depolarization and the onset of cross-bridge formation results in an unrealistic contraction pattern. The present finding may indicate that electromechanical delay times are heterogeneously distributed, such that a contraction in a normal heart is more synchronous than depolarization. Recent experimental evidence supports this conclusion. Cordeiro et al. [54] measured unloaded cell shortening, calcium transients, and inward L-type calcium currents in myocytes isolated from the canine left ventricular epicardial, endocardial, and midmyocardial layers. The onset and time to peak of contraction were longest in endocardial cells, shortest in epicardial myocytes, and intermediate in midmyocardial cells. These authors concluded that regional differences in intracellular calcium handling were primarily responsible for these transmural mechanical variations, which may provide a mechanism for maintaining transmural mechanical synchrony.
Usyk et al. [50] coupled a model of action potential propagation in the left and right ventricles of the dog heart to investigate the mechanical effects of altered cardiac activation sequence during ventricular pacing. They used the three-dimensional Auckland canine anatomic model [55] incorporating a twodimensional model of the endocardial Purkinje fiber network [48] , to investigate the relationship between local electrical activation and the timing of fiber shortening. Asynchronous time courses of regional fiber strains during contractions stimulated from the ventricular epicardium agreed well with MRI tagging measurements in dogs [56] . When electrical activation in the model was coupled to the activation of local myofilament tension by a constant time delay of 8 ms, the mean delay from electrical activation to the onset of systolic fiber shortening was 14 ms. However, the delay between the onset of fiber tension and initial shortening varied substantially, being as late as 60 ms in some sites but as early as -50 ms in others, particularly the septum, and especially during right ventricular pacing. This large variation in activationcontraction delays was attributable to various factors, though the single greatest determinant appeared to be transmural coupling. For example, since most of the wall activated from endocardium to epicardium, even during epicardial pacing, longer delay times were seen on the endocardium than on the epicardium, where endocardial unloading often caused passive epicardial shortening before epicardial depolarization.
Clinical applications. One application of coupled ventricular electromechanical models is cardiac resynchronization therapy. Clinical and experimental evidence suggests that biventricular pacing in patients with heart failure and a widening of the QRS complex can improve hemodynamic pump function. However, the extent of QRS narrowing is not necessarily a good predictor of the hemodynamic improvement, and the optimal protocol for best functional improvement is not necessarily that which reduces QRS width the most [57] . Usyk and McCulloch [49] developed a computational model of ventricular electromechanics in the failing dog heart with left bundle branch block. The model was able to very well reproduce experimentally observed improvements in mechanical synchrony associated with simultaneous biventricular pacing in experimental animals [57] . The hemodynamic improvements were also consistent with experimental and clinical observations. The model has since (Fig. 2 ) been used to simulate cardiac resynchronization with asynchronous left-right pacing. Consistent with some clinical observations, a 15 ms delay between left and right ventricular pacing further increased the hemodynamic improvement from an absolute increase in ejection fraction of 4.4% with synchronous biventricular pacing to 7.5% with left-right sequential pacing. 
